Extant stick and leaf insects commonly imitate twigs or leaves, with lateral lamellae used to enhance crypsis or achieve mimicry for protection. However, the origin and early evolution of such lateral expansions among Phasmatodea are unknown, because all known Mesozoic phasmatodeans hitherto lack preserved evidence of such structures. We report here the first Mesozoic stick insect, Elasmophasma stictum gen. et sp. nov., with well-preserved, thin, lateral lamellae on the thoracic pleura, the terga of abdominal segments I-X and the ventrolateral margins of all femora. This new species, from the midCretaceous amber of northern Myanmar, has a clear, stick-like body and is assigned to Euphasmatodea. The abdominal structures of E. stictum exhibit traces of multiple expansions of the terga, suggesting that such structure might have been an early development of body expansions used to improve crypsis for stick or leaf insects when they sprawled on twigs or leaves.
Introduction
Phasmatodea, stick and leaf insects, are a rather small insect order, comprising approximately 3000 described extant species [1, 2] . Phasmatodeans typically live on trees or shrubs throughout the world, especially in the tropics and subtropics [3] [4] [5] . Most extant stick insects imitate the shape and colour of thin twigs, but some stick insects in the genera Cotylosoma and Extatosoma (Phasmatidae) (figure 1a,b) have abdominal lobes expanded from terga and/or legs as mimicry of leaves to improve crypsis. Living leaf insects (Phylliidae), comprising only 1% of modern phasmatodean diversity, imitate leaves by means of specialized expansive structures on the legs, thorax, wings and abdomen [6] .
Many fossil 'stick insects' have been described from the Mesozoic, and most of these species were erected based on isolated wings or wing fragments. Owing to significant differences between Mesozoic and extant stick insects, the classification and relationships among these groups remain contentious [7, 8] . Furthermore, none of the Mesozoic lineages show evidence for the lateral body expansions associated with adaptive crypsis, instead exhibiting elongate forms [8, 9] . Two mid-Cretaceous species, Pseudoperla scapiforma and P. leptoclada from Myanmar, have elongate bodies and slightly curved profemora, but aside from their superficial form relative to sticks, nothing more could be concluded regarding potential mimicry [10] .
Here we describe from the mid-Cretaceous amber of northern Myanmar a well-preserved, slender stick insect with thin, lateral lobe-like structures expanded from the body and femora.
Material and methods
The amber type specimen described in this paper is housed in the Key Lab of Insect Evolution and Environmental Changes, College of Life Sciences, Capital Normal University, Beijing, China (CNU; Dong Ren, Curator).
The specimen CNU-PHA-MA2017004 is preserved in a round triangular piece of yellow amber, about 40 mm in maximum length, 35 mm in maximum width and 10 mm in maximum thickness. The amber specimen was studied under a Leica M205C dissecting microscope. The habitus photographs were taken with a Nikon SMZ 25 microscope with a Nikon DS-Ri 2 digital camera system, while the magnified images of details of the specimen were taken using a Nikon ECLIPSE Ni microscope with a Nikon DS-Ri 2 digital camera system. Line drawing was prepared by using Adobe ILLUSTRATOR CC and Adobe PHOTOSHOP CC graphics software.
Results

Systematic palaeontology
Order Phasmatodea Jacobson & Bianchi, 1902 Suborder Euphasmatodea Bradler, 1999 Family Incertae sedis Elasmophasma gen. nov. Type species. Elasmophasma stictum sp. nov. Etymology. The new generic name is a combination of the Greek word of elasmos, meaning 'plate', and phasma, meaning 'ghost', stem of the ordinal name of Phasmatodea. The name refers to the lateral lamellae of the legs, thorax and abdomen. The gender of the name is neuter.
Diagnosis. Antenna much longer than body and foreleg. Cervix with a median plate. Prosternum with paired sensory areas. Mesonotum more than three times as long as pronotum. Metanotum and abdominal tergum I separated. Legs long, nearly equal to the length of body. Metafemora just similar to the other femora. Area apicalis present on all tibiae and without spines. Femora, thorax and abdomen with lateral expanded lamellae. Abdominal tergum X undivided. Cerci straight, undivided, circular in cross section, without prominence at base or thorns.
Remarks. The current classification of Phasmatodea is confusing [7, [11] [12] [13] . Two broad groups, 'Areolatae' and 'Anareolatae', distinguished from each other based on the presence or absence of the area apicalis, were historically recognized as two main clades, which are now known to be polyphyletic [11, 12, [14] [15] [16] . Elasmophasma stictum gen. et sp. nov. shares apomorphies with Phasmatodea as labrum emarginate [11, 17, 18] , prothorax with defensive glands [5, 11, 18, 19] , metasternum and abdominal sternum I fused [11, 20] , and cerci unsegmented [6, 11, 16, 19, 21] . Elasmophasma stictum sp. nov. can be further assigned within Euphasmatodea based on the following apomorphies: profurca largely reduced [5, 11, 17, 18, 21, 22] , proand mesospina absent [5, 11, 23] , profemur distinctly curved basally [11, 18] and tarsus with five articles [5, 11, 21, 23] , although five-segmented tarsi are generally considered to be plesiomorphic among Polyneoptera [1] . In addition, the antenna of E. stictum is much longer than body and foreleg, which is uncommon in stick insects. However, because the amber specimen is immature and lacks some diagnostic details, it cannot be placed further within that group and is deemed as family Incertae sedis. This systematic relationship is consistent with our phylogenetic analysis documented and presented in the electronic supplementary material.
The new species has seven annuli in the flagellum, and each flagellomere is greatly elongate. The eighth abdominal sternum rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180425 lacks paired tubercles and a transverse fold medially, but the ninth abdominal sternum has a slight mounding, which suggest that the new specimen may be a male first-instar nymph [24] . The new genus is differentiated from other groups of Euphasmatodea mainly by the three characters femora, mesothorax and metathorax, and abdominal segments I-X with lateral expanded lamellae; prosternum with paired sensory areas and metanotum separated from the first abdominal tergum. The fusion of the metanotum with the first abdominal tergum is another apomorphy shared by Euphasmatodea [5, 11, 20, 21, 23, 25] . However, the welldifferentiated boundary between the metanotum and the first abdominal tergum in the new species indicates that they are separated, similar to some first-instar nymphs of living groups of Phasmatodea [24, 25] .
Elasmophasma stictum sp. nov. Etymology. The epithet is from the Greek word 'stictos', referring to the lateral lamellae of thorax and abdomen with a large number of spots.
Diagnosis. As for the genus.
Holotype. A male first-instar nymph, no. CNU-PHA-MA2017004, deposited in Capital Normal University, Beijing.
Type locality and horizon. The amber specimen was collected from Kachin (Hukawng Valley) of northern Myanmar, which was dated at 98.79 + 0.62 Ma [26, 27] .
Description. Body elongate, slender (figures 1c,d and 2a), with a longitudinal median carina in ventral view; surface smooth. Head subglobose, longer than wide; ocelli absent; compound eyes ovoid, exophthalmic; antenna filiform, with nine antennomeres, almost twice as long as body and foreleg, bearing abundant setae; scape cylindrical, longer than wide (figure 2f); pedicel cylindrical, as long as scape; each flagellomere significantly elongate; first flagellomere more than twice as long as scape and pedicel combined; mandibles broad, massive (figure 2f); labrum emarginate; maxillary palps pentamerous, with numerous setae; paraglossa and glossa clearly visible; labial palps trimerous, bearing numerous setae; cervix with a median plate and lateral cervical sclerites bipartite.
Thorax smooth in dorsal view (figure 2d), but ventrally with a longitudinal median carina, lateral edges obvious (figure 2e); Ar, arolium; Bs1, prothoracic basisternum; Ce, cercus; Cerv, cervix; Cx, coxa; Ep, epiproct; Fla I, flagellomere I; Gl, glossa; Lb, labrum; Md, mandible; Mst, mesothorax; Mtt, metathorax; Pd, pedicellus; Pgl, paraglossa; Plb, labial palpus; Pmx, maxillary palpus; Prt, prothorax; Sc, scape; T1, the first abdominal tergum (median segment); T8 -T10, abdominal tergum 8 -10; Ta1 -Ta5, tarsomere I -V; Tr, trochanter; Un, claw.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180425 prothorax and anterior one-third of mesothorax apparently transparent (due to preservation); pronotum rectangular, lateral margin straight, shorter than head, apertures of prothoracic defensive glands present (figure 2f); prosternum shorter than pronotum, with paired sensory areas, profurca largely reduced; mesonotum strongly elongate; pleuron with lamellate expansions (figure 3a); mesosternum slightly longer than mesonotum, pro-and mesospina absent; metanotum rectangular, almost as long as mesonotum; pleuron bearing lamellate expansions (figure 3b); metasternum longer than metanotum; abdominal tergum I (median segment) rectangular, shorter than metanotum, separated from metanotum and with a welldifferentiated boundary; abdominal sternum I distinctly fused with metasternum. Legs slender and elongate; procoxa large; profemur distinctly curved basally; trochanter small and fused with femur; all femora round in cross section, with lateral lamellae on ventral margins, and bearing distinct and regular bristles (figure 4d-f,i,j); all tibiae round in cross section, with V-shaped area apicalis and spines absent (figure 2g); basitarsus elongate, longer than remaining tarsomeres combined (figure 2b); arolia present and pretarsal claws without teeth; pro-and mesofemora longer than corresponding tibiae, but metafemur shorter than metatibia.
Abdomen smooth in dorsal view, but ventrally with a longitudinal median carina, lateral edges obvious ( figure 3c,d) ; 11 complete abdominal segments preserved; segments III to VII apically with slight lateral expansions; both sides of abdominal segments I-X with lamellate expansions from terga (figures 3c-e, 4a-c,g,h), apparently transparent, with some setae and spots ( figure 3c-e) ; segments II-VII of similar length and width; segment VIII and IX shorter; the sterna of segment VIII and IX slightly projecting; segment X undivided, much longer than segment IX and apically concave; epiproct apically curving and with numerous short setae (figure 2c); cerci unsegmented, straight, cylindrical and long, without prominence at the base or thorns, bearing abundant elongate setae. 
Measurements (in millimetres
Discussion and conclusion (a) The earliest twig mimesis by stick insects
Stick mimesis has already been demonstrated for archipseudophasmatids based on an unnamed phasmid nymph from Eocene Baltic amber [9, 28] . In addition, an undescribed male of Euphasmatodea was figured in 1990 from the Eocene Messel pit in Germany [9] . Both of these fossils have elongate bodies and similarly curved profemora, which form a notch for the head when the stick insect is at rest and pressed against vegetation, and such features are considered adaptive for such mimicry [9] . Elasmophasma stictum gen. et sp. nov. shares these traits but is even more similar to modern stick insects owing to the more elongate and slender body. The morphological characters of E. stictum are quite different from those of other known Mesozoic, fully winged stick insects [4, [29] [30] [31] , as well as the more squat, robust and compressed Echinosomiscus rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180425 primoticus, also known from Burmese amber [7] . Elasmophasma stictum extends the origin of stick mimesis by Phasmatodea at least to the earliest epoch of the mid-Cretaceous and broadens the diversity and known disparity of Mesozoic stick insects.
(b) The structure of lateral lamellae Lamellae, albeit not as greatly expanded, are common in many extant Phasmatodea, usually where carinae are particularly developed and enlarged on the legs or abdomen. The more complex forms are related to mimicry and defence; for example, leaf insects, Extatosoma Gray, 1833 of Phasmatidae ( figure 1a,b) and Trychopeplus Shelford, 1909 of Diapheromerinae, mimicking leaves, moss or lichen [7, 32] . The fossil E. stictum gen. et sp. nov. has lateral lamellate structures expanded from both sides of all femora and the thoracic and abdominal segments, which look like a thin film consisting of chitin (figures 3 and 4a-f ). On the femora, the lamellae are ventrolaterally positioned (figure 4d-f,i,j), while on the thorax these extend from the pleura ( figure 3a,b) . Furthermore, on the abdomen, such lamellate lobes independently stretch out from the terga of each segment (very clear on the 8th segment; figure 4a,b) and exhibit a synchronous constriction on every abdominal segment (figures 3c-e, 4a,b). Two longitudinal, dark, irregular lines originate from one point at the base, running through each lamella and ending at the distal edge (very clear on the 6th and 7th segments, figure 3c-e) . On the 7th and 8th abdominal segments, it is clear that the upper layer curves and folds at the anterior and posterior of the abdominal segments, and the edges of the expansion form two clear black lines at both sides ( figure 4a,b) . The bottom layer expansion overlaps with each other, which are not completely synchronous with each abdominal segment. We conclude that the lateral lamellae of the abdomen are composed of at least two layers and that the bottom layer, with a row of setae at both sides, is larger than the upper layer, and that the longitudinal dark line is the boundary of the upper layer. We hypothesize that the inner longitudinal dark line might also be a boundary from the expansion of the tergum (on the 6th and 7th abdominal segments). The first-instar nymph of Extatosoma tiaratum (figure 1a,b) also has the lateral expansions which grow larger and wider as the insect matures [32] . Therefore, we believe that the lateral lamellae of E. stictum gen. et sp. nov. would be much larger and wider for the adults.
(c) Multiple expansions of the terga might have been an early development used by phasmatodeans in their cryptic strategies
The expansions of the abdomen lateral lamellae of living stick insects (e.g. Extatosoma Gray 1833) are normally produced by the terga [33, 34] , but in extant leaf insects, both the abdominal terga and sterna are extended simultaneously, converging and forming the lamellate structures involved in their mimicry, a condition unique among Phasmatodea [33, 34] . Wedmann rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180425 et al. [6] reported the oldest fossil record of leaf insects, Eophyllium messelensis, from the Eocene of Messel and the foliaceous appearance suggested its lateral abdominal expansions originated from both the terga and sterna. It seems that the mechanism and structure of the lamellate lobes of E. stictum gen. et sp. nov. are similar to those of stick insects rather than leaf insects.
In summary, it is suggested that the lateral lamellae of the stick-like E. stictum probably provided the insect with improved crypsis to elude predators, and/or allowed for a flattening of the body sprawled against the substrate to protect the insect. As E. stictum had a different mechanism and structure in the composition of the lateral lamellae from those of extant stick or leaf insects, it is likely that such lateral protuberances in living stick or leaf insects might have occurred and experienced multiple evolutionary and developmental changes. The stick-like body shape clearly demonstrates that E. stictum was already imitating twigs of trees and bushes during the mid-Cretaceous, around 99 Ma. In addition, the lateral lamellae on the thorax, abdomen and femora further enhanced the crypsis of E. stictum. This study highlights the presence of early plant-mimicking and adaptive crypsis in the complex forest ecosystems of the mid-Cretaceous, and the various contrivances by which the Phasmatodea achieved their successful elusion amid plants during the Mesozoic and Cenozoic.
Data accessibility. The data supporting the conclusions of this article are included within the article and the result of phylogenetic analyses are available in the electronic supplementary material.
